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Yuhang Jiang!, Xinyuan Lai', Kenji Watanabe?, Takashi Taniguchi?, Kristjan Haule!, Jinhai Mao"3* & Eva Y. Andrei'*

The discovery of correlated electronic phases, including Mott-
like insulators and superconductivity, in twisted bilayer graphene
near the magic angle!™, and the intriguing similarity of their
phenomenology to that of the high-temperature superconductors,
has spurred a surge of research to uncover the underlying physical
mechanism®~. Local spectroscopy, which is capable of accessing
the symmetry and spatial distribution of the spectral function, can
provide essential clues towards unravelling this puzzle. Here we use
scanning tunnelling microscopy and spectroscopy in magic-angle
twisted bilayer graphene to visualize the local density of states and
charge distribution. Doping the sample to partially fill the flat
band, where low-temperature transport measurements revealed
the emergence of correlated electronic phases, we find a pseudogap
phase accompanied by a global stripe charge order whose similarity
to high-temperature superconductors!'®-1¢ provides evidence of a
deeper link underlying the phenomenology of these systems.

In the limit of strong correlations, the Coulomb interaction slows
down the electrons or even localizes them in a Mott insulating phase,
characterized by a spectral gap that opens at integer fillings. Doping
a Mott insulator produces some of the most fascinating correlated
quantum phases, such as the pseudogap and the high temperature
supeconductivity, with broken symmetries to accommodate the new
order parameters. In the case of magic-angle twisted bilayer graphene
(TBLG), doping the Mott-like insulating states leads to correlation
driven superconducting phases at low temperatures' Using scanning
tunnelling microscopy (STM)/scanning tunnelling spectroscopy (STS)
to study the electronic properties of magic-angle TBLG at temperatures
above the superconducting transition, we observe a correlation driven
pseudogap state characterized by partial gapping of the low-energy
density of states (DOS). This pseudogap state is accompanied by a
local charge polarization with a quadrupole symmetry and a global
charge-ordered stripe phase which breaks the rotational symmetry of
the moiré superstructure.

The STM topography of a TBLG near the magic angle measured in
a gated device geometry (Fig. 1a) is shown in Fig. 1b. The bright
regions, which correspond to AA stacking where each top-layer atom
is positioned directly above a bottom-layer atom, form a triangular
moiré superlattice. The twist angle between the two layers, 6, can be
estimated from the moiré period, L, through the geometrical relation:
L= a/(2sin6/2) , where a = 0.246 nm is the graphene lattice con-
stant'”!8, Surfounding each bright region are six darker areas consisting
of alternating AB /BA Bernal stackings. In the AB (BA) stacking each
top-layer atom in the A (B) sublattice sits directly above a B (A) atom
in the bottom layer, while top-layer B (A) atoms have no partner in the
bottom layer. This is directly seen in the triangular structure of the
atomic resolution topography, Extended Data Figure 1, where the tri-
angles in the AB and BA regions show only one of the two sublattices.
Earlier work on TBLG revealed two van Hove singularities (VHS) in
the local DOS that flanked the Dirac point!”-*! with an energy separa-
tion of AE ~ hvyAK,—2t,. Here his the reduced Planck constant, v is
the Fermi velocity, AK,=2Ksin(6/2) , K is the magnitude of the

wave-vector at the Brillouin zone corner of the original graphenelattice,

and ¢ is the interlayer hopping which can vary from sample to sample

depending on the fabrication technique or external pressure®. As the

twist angle is reduced, the two VHS approach each other until, at the

M ; 2 ; .

magic angle} 0, ~ o they merge producing an almost flat band with
v

vanishingly small Fermi velocity'®?2 Owing to the reduced kinetic
energy, this narrow band is susceptible to interaction effects, so that
when the Fermi energy (Eg) is brought within the band, interactions
become dominant and the system can lower its energy through the
formation of correlated electron phases.

We use STM topography together with STS measurements to identify
the magic angle and the flat band condition in-situ. To study the elec-
tronic structure of TBLG near the magic angle we measure the dI/dV
spectrum (Iis the current, V the bias) which is proportional to the local
DOS. The flat band in the DOS produces a peak in the dI/dV spectrum
centered at the Dirac point (Fig. 1c). The width of this peak is narrowest
when two vHS have merged and the band is full or empty (Fig. 1c),
providing a practical criterion for identifying the magic angle. Using
the peak width as a guide, we find the narrowest peak in sample regions
with no heterostrain®, as identified by a perfectly triangular moiré
pattern (Extended Data Figure 1). For the samples discussed here the
magic angle is 6, ~ 1.07 °(L ~ 13.2 nm,), from which we extractt, ~ 104
meV.

In order to separate the intrinsic band structure from correlation
induced band-reconstruction effects, we first show (Fig.1c) the dI/dV
spectra obtained in the AA region in the highly n-doped regime, for
a gate voltage V, = 55 V, where the band is fully occupied and in the
highly p-doped regime (V, = -55 V), where the band is empty. In both
cases we observe a single spectral peak in the AA region, indicating
the presence of the flat band. This peak is absent in the AB/BA regions
(Fig. 1c inset), consistent with earlier reports!”?%?%, The single peak
structure is observed only very near the magic angle, but as the angle
deviates from its magic value, the peak splits into two VHS that flank
the Dirac point (Extended Data Figure 2), consistent with the sin-
gle-particle band structure theory for TBLG'7'8. It is worth noting that,
while similar two VHS observed for non-magic twist angles are seen
in all STS experiments, at the magic angle the DOS structure exhibits
large sample to sample variations?®>’. This reflects the fact that near
the magic angle the band structure is very sensitive to the lattice relax-
ation, interlayer coupling, strain and interaction strength?»**-3%, which
are influenced by sample preparation techniques and device
geometry.

As we move the Fermi level into the flat band by adjusting the gate
voltage, the single peak in the AA region broadens and splits reveal-
ing a pseudogap feature, Fig.1d, which suggests a band reconstruction
associated with the emergence of a correlation-induced phase. In Fig. 1e
we follow the evolution of the DOS in the center of the AA region
with gate voltage, from highly p-doped where the band is empty (V,
= -57 V) to the highly n-doped where it is full (V, = 69 V). For both
the empty and the full bands the peak width at half height, ~ 40 mV; is
narrowest and shows no evidence of splitting within the experimental
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resolution of ~1 mV. Once the Fermi level enters the flat band the peak
begins to split. To compare our results with those obtained in transport
measurements, we plot in Fig. 2a the doping dependence of the dI/dV
intensity at the Fermi level. This procedure is adopted because it mimics
the conductance measured with the transport technique, where only
carriers near the Fermi level contribute. We note however that, due
to their global nature, the transport measurements produce sample
averaged global results, whereas the STS probes the local response.
Despite the difference between these probes we find that, similar to
the transport measurements, the doping dependence of the dI/dV
near the Fermi level exhibits well defined dips near the same fillings,
v=0, £1/4, £1/2, £3/4, +1, as those observed in the conductance
measurements™? corresponding to 4,3,2,1,0 electrons (+) or holes (-)
per moiré cell, respectively.

Interestingly, as the Fermi level enters the flat band we observe a
spectral weight redistribution away from the Fermi energy and into the
sidebands®!. This gives rise to a pseudogap feature flanked by two peaks
whose relative height depends on doping as shown in Figs. 2b, 2c. We
label the low energy and high energy peaks as lower band (LB) and
upper band (UB) respectively, Fig. 2b. In Fig. 2c we zoom into the
doping dependence near charge neutrality with 2V backgate intervals,
corresponding to density steps of 1.4 x 10'! cm or 0.2 electrons per
moiré cell. At the charge neutrality point, V, ~ 0V, (yellow curves), the
two peaks have roughly equal spectral weight and they are equidistant
from the Fermi level with a separation of ~38 mV. Moving the Fermi
level into the hole sector (green curves), we observe a spectral weight
redistribution from the LB to the UB and vice versa when the Fermi
level moves into the electron sector (red curves). This behavior closely
resembles the spectral weight redistribution observed in earlier STS
work on the doped Mott insulator phase in cuprates wherein, upon
changing the doping level, the spectral weight transfers from one side
of the Fermi level to the other'S, suggesting that the doping dependence
observed here could be similarly attributed to a Mott-like insulating
phase. The spectral weight transfer provides an independent method
to monitor the local charge variation introduced by doping, and makes
it possible to estimate the local charge from the ratio of the area under
the dI/dV spectrum spanned by the LB, Ay, to the total area spanned
by the two peaks Apor. Here App is measured from the LB band edge to
the Fermi energy after background subtraction, and Argr is obtained
by similarly measuring the area under the two peaks; Extended Data
Figure 3. Using this procedure we obtain thel cal filling fraction
. For com-

parison we plot in Fig. 3e, the gate voltage dependfénce of v, together
with the filling fraction values, v, calculated by the standard method of
gate induced capacitive doping: v = (V, CL*+/3 /2) /4, where C s the
capacitance between the TBLG, and 4 corresponds to the number of
states in the hole or electron sector of the band (see Methods). The two
curves closely track each other confirming that the spectral weight
transfer provides a sensitive measure of the local charge. In what fol-
lows, we will use the spectral weight transfer as a local charge detector
to identify the emergence of a correlated charge ordered phase.
Theoretically, the spectral weight distribution in a Mott insulat-
ing state can be qualitatively described by the Dynamical Mean Field
Theory (DMFT)*. In Fig. 2d we plot the calculated local DOS for sev-
eral filling fractions, projected to the AA-centered local functions, for
the case of the fully filled band as well as for several fractional fillings
of the band as obtained by the DMFT simulation (see Methods). In the
extreme n-doped limit, corresponding to the full band (v = 1), DMFT
predicts a single peak similar to the experimental result, even though the
intrinsic non-interacting DOS is split into two narrow peaks, because
the Coulomb interaction broadens the peaks and smears out the dou-
ble-peak structure. At fractional fillings (v = 0, +1/4, +1/2), DMFT
opens a Mott gap in the local spectra, in which the occupied (empty)
bands correspond to the lower (upper) Hubbard bands. The lower
Hubbard band loses spectral weight with doping, while the upper band
gains the weight, in qualitative agreement with the STM measurement.
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To reveal the electronic structure, and the underlying symmetry of
the emergent correlated state in the partially doped flat band, we study
the spatial dependence of the topography, Fig. 3a, and spectroscopy;,
Fig. 3b-d, at the charge neutrality point, V; = 0 V. In topography, the
AA (bright) region shows up as a perfect disk, consistent with the sym-
metry of the moiré pattern which, in the limit of small twist angles and
a continuum approximation®, is C4. In contrast to the topography, the
dI/dV maps taken in the same region at bias voltages corresponding to
the LB (Fig. 3b left panel) and the UB (Fig. 3b right panel) form ellipses
with major axis orientations that are roughly orthogonal to each other
and clearly break the C4 symmetry. To elucidate the origin of the broken
symmetry revealed by the dI/dV maps, we plot in Fig. 3d the position
dependence of the spectra taken along the arrow shown in Fig. 3a. We
note that, even though the backgate voltage is fixed at V, = 0'V, we
nevertheless observe a clear spectral weight transfer from the LB which
is dominant in the bottom part of the AA region (red end of the arrow)
to the UB which dominates in the top part of the AA region (green end
of the arrow). This is remarkably similar to the spectral weight transfer
observed in the center of the AA region as a function of doping
(Fig. 2¢). Since the backgate voltage is set to a fixed value (V, = 0 V), it
is then natural to interpret the position dependence of the spectral
weight transfer in terms of a spatial charge redistribution within the
AA region. Using the same analysis as in Fig. 3e to calculate the local
charge from the peak areas A;p and Aror we obtain the position
dependence of the local charge shown in Fig. 3f. Following this analysis,
the high intensity elliptical region for the UB map corresponds to hole
doping whereas the high intensity elliptical region for the LB map cor-
responds to electron doping. In order to extract the spatial dependence
of the local doping in the flat band, we subtract the intensity of the UB
peak from the LB peak at every point on the map in Fig. 3b. Following
this subtraction procedure (Methods), which directly visualizes the
spatial charge modulation (Fig. 3¢c), we observe that within the AA
region (red circle) the charge modulation exhibits a quadrupole geom-
etry, consisting of four quadrants with alternating positive (blue) and
negative (red) charge, ranging from ~1 electron to ~1 hole per moiré

cell. Similar charge polarization patterns are observed for v=+1/4

fillings (Extended Data Figure 4). Importantly, as the Fermi level is
outside the flat band (Extended Data Figure 5), or for twist angles far
from the magic value (Extended Data Figure 6), the Cs symmetry of
the spectral maps is restored. This confirms that the broken symmetry
is associated with a correlation induced ordered phase, and rules out
interpretations in terms of artifacts such as tip anisotropy*, or strain
effects (see Methods).

In addition to the local charge ordering observed in the scans of
Fig. 3, large area scans (Fig. 4) exhibit globally ordered charge-stripes
aligned with a crystallographic axis of the moiré superlattice, which
break the initial C4 symmetry of the moiré lattice reducing it to C,.
As seen in Fig. 4c, the global stripe order emerges from the alignment
of the quadrupole charge lobes that are centered on the AA regions. The
individual quadrupole lobes are not perfectly aligned with the stripe
direction, but are slightly tilted (~ 16°) with respect to it (Extended
Data Figure 7). While we observed the charge symmetry breaking in
all magic angle samples studied here, (Extended Data Figure 8, 9), we
expect that there are many competing quantum states near the magic
angle, and therefore slightly different sample preparations could
possibly result in different correlated ground states.

Earlier reports have shown that the phenomenology of magic angle
TBLG bears a tantalizing resemblance to that of high temperature
superconductors"?: the emergence of superconductivity in a doped
Mott-insulator, the dome-like doping dependence of the supercon-
ducting critical temperature, the linear temperature dependence of the
resistivity, and the relatively large ratio of critical temperature to the
Fermi energy. Both the pseudogap phase and its stripe charge-order
revealed here, closely resemble similar observations in the pnictides'*!*
and cuprates'?!%, where the high temperature superconductivity is
believed to be intimately connected to the pseudogap phase and the



stripe order is common!?. The findings reported here add a new piece
to the puzzle connecting TBLG and high temperature superconductors,
and identify an important constraint towards unraveling the nature of
the correlated electronic states in these systems.

Online content

Any methods, additional references, Nature Research reporting summaries, source
data, extended data, supplementary information, acknowledgements, peer review
information; details of author contributions and competing interests; and state-
ments of data and code availability are available at https://doi.org/10.1038/s41586-
019-1460-4.

Received: 10 April 2019; Accepted: 16 July 2019;
Published online 31 July 2019.

1. Cao,Y.etal. Correlated insulator behaviour at half-filling in magic-angle
graphene superlattices. Nature 556, 80-84 (2018).

2. Cao, Y. etal. Unconventional superconductivity in magic-angle graphene
superlattices. Nature 556, 43-50 (2018).

3. Yankowitz, M. et al. Tuning superconductivity in twisted bilayer graphene.
Science 263, 1059-1064 (2019).

4. Codecido, E. et al. Correlated Insulating and Superconducting States in Twisted
Bilayer Graphene Below the Magic Angle. Preprint at arXiv:1902.05151v1 (2019).

5. Po,H.C, Zou, L. J.,, Vishwanath, A. & Senthil, T. Origin of Mott Insulating Behavior
and Superconductivity in Twisted Bilayer Graphene. Phys Rev X 8,031089 (2018).

6. Koshino, M. et al. Maximally Localized Wannier Orbitals and the Extended
Hubbard Model for Twisted Bilayer Graphene. Phys Rev X 8,031087 (2018).

7. Yuan,N.F.Q.&Fu, L. Model for the metal-insulator transition in graphene
superlattices and beyond. Phys Rev B 98, 045103 (2018).

8. Zou, L, Po,H.C, Vishwanath, A. & Senthil, T. Band structure of twisted bilayer
graphene: Emergent symmetries, commensurate approximants, and Wannier
obstructions. Phys Rev B 98, 085435 (2018).

9. Padhi, B, Setty, C. & Phillips, P. W. Doped Twisted Bilayer Graphene near Magic
Angles: Proximity to Wigner Crystallization not Mott Insulation. Preprint at
arXiv:1803.11190 (2018).

10. Emery, V. J,, Kivelson, S. A. & Tranquada, J. M. Stripe phases in high-
temperature superconductors. Proceedings of the National Academy of
Sciences 96, 8814 (1999).

11. Vershinin, M. et al. Local Ordering in the Pseudogap State of the High-Tc
Superconductor BiSCO. Science 303, 1995-1998 (2004).

12. da Silva Neto, E. H. et al. Ubiquitous Interplay Between Charge Ordering and
High-Temperature Superconductivity in Cuprates. Science 343, 393 (2014).

13. Fernandes, R. M., Chubukov, A. V. & Schmalian, J. What drives nematic order in
iron-based superconductors? Nature Physics 10,97 (2014).

14. Rosenthal, E. P. et al. Visualization of electron nematicity and unidirectional
antiferroic fluctuations at high temperatures in NaFeAs. Nature Physics 10, 225
(2014).

LETTER

15. Comin, R. et al. Symmetry of charge order in cuprates. Nature Materials 14, 796
(2015).

16. Cai, P. et al. Visualizing the evolution from the Mott insulator to a charge-ordered
insulator in lightly doped cuprates. Nature Physics 12, 1047-1052 (2016).

17. Li, G. et al. Observation of Van Hove singularities in twisted graphene layers.
Nature Physics 6,109-113 (2010).

18. Lopes dos Santos, J. M. B., Peres, N. M. R. & Castro Neto, A. H. Graphene
Bilayer with a Twist: Electronic Structure. Physical Review Letters 99, 256802
(2007).

19. Bistritzer, R. & MacDonald, A. H. Moire bands in twisted double-layer graphene.
P Natl Acad Sci USA 108, 12233-12237 (2011).

20. Yan, W. et al. Angle-Dependent van Hove Singularities in a Slightly Twisted
Graphene Bilayer. Physical Review Letters 109, 126801 (2012).

21. Brihuega, I. et al. Unraveling the Intrinsic and Robust Nature of van Hove
Singularities in Twisted Bilayer Graphene by Scanning Tunneling Microscopy
and Theoretical Analysis. Physical Review Letters 109, 196802 (2012).

22. Luican, A. et al. Single-Layer Behavior and Its Breakdown in Twisted Graphene
Layers. Physical Review Letters 106, 126802 (2011).

23. Bi, Z, Yuan, N. F. Q. & Fu, L. Designing Flat Band by Strain. Preprint at https://
arxiv.org/abs/1902.10146 (2019).

24. Kim, K. et al. Tunable moire bands and strong correlations in small-twist-angle
bilayer graphene. P Natl Acad Sci USA 114, 3364-3369 (2017).

25. Yin, L-J,, Qiao, J.-B., Zuo, W.-J., Li, W.-T. & He, L. Experimental evidence for
non-Abelian gauge potentials in twisted graphene bilayers. Phys Rev B 92,
081406 (2015).

26. Kerelsky, A. et al. Magic Angle Spectroscopy. Preprint at arXiv:1812.08776
(2018).

27. Choi, Y. et al. Imaging Electronic Correlations in Twisted Bilayer Graphene near
the Magic Angle. Preprint at arXiv:1901.02997 (2019).

28. Carr, S. et al. Twistronicsi Manipulating the electronic properties of two-
dimensional layered structures through their twist angle. Phys Rev B 95,
075420 (2017).

29. Haule, M., Andrei, E. Y. & Haule, K. The Mott-semiconducting state in the magic
angle bilayer graphene. arXiv:1901.09852 (2019).

30. Guinea, F. & Walet, N. R. Continuum models for twisted bilayer graphene:
Effect of lattice deformation and hopping parameters. Phys Rev B 99, 205134
(2019).

31. Rozenberg, M. J,, Kotliar, G. & Kajueter, H. Transfer of spectral weight in
spectroscopies of correlated electron systems. Phys Rev B 54, 8452-8468
(1996).

32. Georges, A, Kotliar, G., Krauth, W. & Rozenberg, M. J. Dynamical mean-field
theory of strongly correlated fermion systems and the limit of infinite
dimensions. Reviews of Modern Physics 68, 13-125 (1996).

33. daSilva Neto, E. H. et al. Detection of electronic nematicity using scanning
tunneling microscopy. Phys Rev B 87,161117 (2013).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2019

N AT UR E | www.nature.com/nature


https://doi.org/10.1038/s41586-019-1460-4
https://doi.org/10.1038/s41586-019-1460-4
https://arxiv.org/abs/1902.10146
https://arxiv.org/abs/1902.10146

LETTER

¢ e
15 AB/BA Er AA
20ts - V. = +69 V
%1.0 n g
;15 Bias (V) P \h—'—-——-——
N V= 55V ',’/\_—_—"——’/\\
210
§ ]
g ——/'/\___“
00 5T 00 o1 o 3 T—:&:
02 01 00 01 02 > %
oo 2 = N—
TN oS
e _/\_/\A\—\.\
s
s ‘___/\/\\\
AA AB BA ;“Z ~'/\/\’\N
PEREDODYEDI YWV W™
OQQQQ"! 'ep@e® 'O OBRD k )
e 0P coetR( C0OOD S
e ep | 'ecbe® ‘OQQQQ'
ee B8 © oeof o X Pooooe"eoe
e ee 5. .!‘. '0“ AP o -y
@ Top layer . : . | , I
€/ Bottom layer (Sublattice A/B) 02 01 G0 X oo > - -
Bias (V) Bias (V)

Fig. 1 | STM/STS near the magic angle. a, Schematic of sample geometry
and STM experiment. b, STM topography of TBLG (upper pannel) for
twist-angle 6 ~ 1.07° (V}, = 200 mV, I =10 pA). The different stacking
configurations (AA, AB and BA) discussed in the textare shown in the
lower panel. ¢, dI/dV spectra taken in the AA regions for the fully
occupied (V, = +55 V) and empty (Vg = -55 V) band . (V;, =-200 mV,

I=20pA), The Fermi energy for all STS spectra defines the energy origin.
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The spectrum in the AB region taken at V, = 455 V is shown in the inset.
d, dI/dV spectrum in the center of the AA region, at the charge neutrality
point showing the emergence of a pseudogap that splits the DOS peak.

Vi =-200 mV, I = 20 pA. e, evolution of the peak with gate voltage in the
center of the AA region, from highly p-doped where the band is empty
(Vg =-57 V) to the highly n-doped where it is full (V, = 69 V).
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levels ranging from -0.86 x 10" cm™ (Vy=-12 V) t0 0.86 x 10'* cm™
(Vg = +12 V). The spectral weight shift between the LB and UB with
doping is clearly seen. d, DMFT simulation of local DOS projected to the
AA-centered local functions at different filling fractions as discussed

in the text.
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Fig. 3 | Spatial charge modulation in the correlated phase. a, STM
topography in a 10x10nm? area centered on an AA region (V}, = -200 mV,
I'=20pA). The red circle labels the AA region. b, dI/dV map over the
same area as panel a for the LB (left panel) and UB (right panel) at
V,=0V (10 x 10nm?, Vj, = -200 mV, I = 50 pA). ¢, Map of the net charge
obtained by the method described in the text. Red corresponds to electron
doping and blue to hole doping. The four dashed lobes mark sectors of
alternating electron (e) and hole (h) doping. d, Spatial dependence of
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METHODS

Sample preparation. The samples are fabricated by the tear and stack method®!. A
PVA (poly vinyl alcohol) was spin coated on the silicon chip and baked at 80 °C for
10mins, followed by PMMA (Poly methyl-methacrylate) spin-coating and another
round of baking at 80 °C for 30 mins. Graphene was next exfoliated on top of the
PMMA/PVA film. The PMMA thin film was peeled off from the PVA by the tape
with pre-cut window for subsequent transfer on an hBN flake which was pre-exfo-
liated on SiO, and annealed in forming gas (10% Ha, 90%Ar) at 300 °C for 2 hours
for better adhesion. Next, part of the graphene flake was brought in contact with
the hBN surface forming a G/hBN/SiO; heterostructure. The other part of the flake
which adhered to the PMMA was detached upon lifting the film. Subsequently
the G/hBN/SiO; structure was rotated by 1.1° = 0.2° before the next transfer step
where the second part of the graphene flake was deposited on the heterostruc-
ture, forming the TBLG with the designated twist-angle, and the PMMA film was
removed. The success of this procedure relies on the higher adhesion between G
and hBN compared to G on PMMA. In the final fabrication step a Ti/Au electrode
was evaporated for the electrical contact through a shadow mask. All the samples
are annealed in forming gas (10% H,, 90%Ar) at 260 °C overnight to remove all
fabrication residues and allowfor lattice relaxation.

The STM experiment was performed in a home-built setup at 4.6 K using a
chemically etched tungsten tip. The dI/dV spectra were collected by the standard
lock-in technique, with 1 mV A.C. voltage modulation at 617.3 Hz added to the
D.C. bias*>?. To simplify the discussion in the main text, we define the V, = V-
Vo, where the Vg is the applied backgate voltage, Vo = -7 V is the backgate
voltage corresponding to the charge neutrality point.

dI/dV spectrum evolution of VHS away from magic angle. In the main text, we
have shown the gate dependent behavior for TBLG at 1.07°, where partial filling
of the flat band led to a splitting of the DOS peak, signaling the emergence of a
correlation induced pseudogap phase accompanied by stripe charge order. For
twist angles away from the magic angle doped far from charge neutrality, two VHS
are observed instead of the single peak at 1.07°, as shown in Extended Data Figure 2
(a), (b) where the twist angle is @ & 1 . 2°. When the Fermi level is tuned into such
a VHS peak, we can still observe splitting as long as the twist angle is close to the
magic angle. However, at larger angles no splitting is observed when the Fermi
level is brought into the peak, as shown in Extended Data Figure 2 (c) where
0~1.7°

Estimating the filling fraction. As discussed in the main text, the area under the
dI/dV spectrum can be utilized as an independent measure of the filling fraction.
To illustrate the procedure we consider in Extended Data Figure 3 a spectrum at
filling v ~ —0.3 (left panel) as calculated from the value of V, = -10 V. To extract
the area under the spectrum, we first subtract the background shown by the blue
dashed line, which runs through the lower and upper edges of the band. Apg,
marked in red, which corresponds to the LB, is calculated by integrating the area
under the curve from the lower edge of the band to the Fermi energy. From the
ratio between Ayp and the total area, Aror = Arp + Ayp, we calculate the filling

—%) x 2~ 0.39. We find that v/ is comparable to the value,,

fraction: v, ~ AL
Ator
extracted from the backgate voltage.

Calculation of the filling fraction from the gate voltage needed to span the
entire band. In Fig. 2a of the main text, we studied the evolution of the dI/dV
spectra with the backgate voltage, and showed the dI/dV (Eg) intensity as a function
of filling. In our data, the band becomes fully filled (8 electrons per moiré cell) for
Vg~ +40 V and it is emptied for Vi ~- 40 V. By considering the ~300 nm thick
silicon oxide, the 20nm hBN substrate and the triangular moiré pattern with wave-
length about 13.2 nm, we find that 80 V' of gate voltage delivers ~ 8 electrons per
moiré cell, in agreement with the expected value.

Broken Cs symmetry in magic angle TBLG at different fillings. In Figs. 3, 4 of the
main text, we observed the charge ordered phase through the spatial dependence
of the spectral weight transfer between the LB and UB in the globally neutral state,
V= 0V. Similar analysis shows that the electronic ordering is not limited to the
charge neutrality point but can be observed at other fillings (£1/4) within the flat
band as shown in Extended Data Figure 4.

Absence of broken symmetry in the full band. We have shown the broken Ce
symmetry and charge modulation occurs in the partially filled flat band. To address
the question whether this broken symmetry is a property of enhanced interactions
in the partially filled flat band or of the band structure itself, we show in Extended
Data Figure 5 the topography and dI/dV map for the full band (V, = +55 V) taken
over the same area as Fig. 4 in the main text. The dI/dV maps taken at a bias voltage
corresponding to the center of the flat band (dashed line in the inset of b) show
circular AA areas as opposed to the elliptical shapes observed in the partially filled
band, indicating a fully recovered C¢ symmetry.

Absence of broken symmetry at non-magic twist-angles. In Extended Data
Figure 6 (a), we show an area where the twist-angle angle (0 = 1.5°) is away from

the magic angle. The moiré period here is ~ 9.4 nm, and the DOS shows two VHS
peaks separated by 80 mV (insert). The dI/dV map at the energy of one of the
VHS, Extended Data Figure 6 (b), where the circular shape of the AA regions
(dashed circle), indicates that the rotational symmetry is preserved away from
the magic angle.

Different charge-order orientations. Extended Data Figure 8 shows a different
area (several micrometers away, which means the sample is moved by the coarse
motor and the tip is landed again) of magic angle TBLG where the stripe orien-
tation is slightly different. This indicates the presence of charge order domains.
Importantly the observation of domains with different stripe orientations helps
rule out interpretations in terms of artifacts such as tip anisotropy.
Charge-order in different sample. The charge ordered phase that forms in the
partially filled flat band in the magic-angle TBLG was observed repeatedly both
in different regions of the same sample as well as in other samples where the twist
between the layers corresponded to the magic angle. Extended Data Figure 9
shows the charge modulation in the AA region near the v~ 0filling in a different
sample. Both the charge modulation (Extended Data Figure 9¢) and the one
dimensional stripe charge-order (Extended Data Figure 9f) are observed in this
sample.

Excluding possible artifacts. Here we use the following results to exclude possible
artifact-induced charge order effect observed in this work. (1) With the same tip
in the same area, we observe no broken symmetry in the full band as shown in
Extended Data Figure 5. This excludes the possibility that the observed charge-or-
der is a result of local strain or an artifact arising from an anisotropic tip. (2) We
observe no broken symmetry at non-magic twist-angles (Extended Data Figure 6)
again ruling out artifacts such as strain or an anisotropic tip. (3) The energy shift
in the LB and UB as a function of position can also help to rule out the tip effect.
In Extended Data Figure 10, we show an extension of the data in Fig. 3d taken out
to a distance of 6.8 nm along the colored arrow. On this length scale an energy
shift in both LB'and UB is clearly seen. (4) In Extended data Figure 9, the shape of
the high intensity regions of the DOS maps measured in the LB and UB are more
complex than those in Fig. 3b. While a distorted shape could be attributed to tip
anisotropy, this explanation is inconsistent with the fact that the shape changes
with bias voltage, with position in the sample, and with the fact the energies of the
UB and LB change with position along the sample.

DMFT simulations for doping-dependent LDOS for flat band. To construct
the tight-binding model, we followed Refs. 19,37 and approximate the Fourier
transform of the interlayer tunneling by #(q)=t, exp(-a (q d)?) with parameters'>*
(to=1.066 eV, a = 0.13, 7= 1.25, d = 3.34 A). The hopping within the graphene
layer is t;, = 2.73 V. For the DMFT calculation, the set of four localized correlated
orbitals is derived in Ref. **. While these orbitals are very localized and contain
almost all the weight of the narrow band, their projection to the tight-binding
bands breaks the particle-hole symmetry, so that the occupied (unoccupied) part
of the higher-energy band at the Gamma point has large (small) projection to
the localized set of orbitals. Consequently, the DMFT correlated spectra appears
asymmetric at the charge-neutral point (v = 0), in disagreement with experiment.
In the orbital set of Ref. ** we use equal phase for the projection to the top and the
bottom layer of the bilayer graphene. We found that the phase-difference between
the localized orbitals on the top and the bottom layer controls this particle-hole
asymmetry. Moreover, we found that the purely imaginary phase between the two
layers forms an optimized projector for DMFT method, which not only restores
the particle-hole symmetry, but also increases the amount of overlap between the
narrow band and the localized set of functions (from 95% to 99.9%). Hence, this
modified set of localized orbitals was utilized here. Finally, the Coulomb interac-
tion among the correlated orbitals is accounted for by the DMFT method, where we
assumed the screening of the interaction by dielectric constant e = 5, which leads to
a Coulomb interaction strength of U = 150 meV on the local orbitals, as in Ref. *°.
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Extended Data Figure 1 | Atomic resolution of AB and BA regions superposed on the STM topography to highlight the sublattice polarization

near the magic angle. a, Large area STM topography 8.9 nm X 8.9 nm, due to the AB (BA) stacking. (d) Topography of undistorted moiré pattern

Vi =-200 mV, I = 30 pA. b-c, zoom in of the area in (a) as indicated at for TBLG at the magic angle indicating the absence of heterostrain.

by the green and blue square. Schematic drawing of graphene lattice is
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Extended Data Figure 2 | dI/dV spectra and evolution of VHS with doping away from the magic angle. a, dI/dV spectra for TBLG at 0 &~ 1.2°.
b, Zoomed-in image of the black dashed rectangle in the (a). ¢, Evolution of the dI/dV spectra with doping for a TBLG at 0 =~ 1.7°.
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Extended Data Figure 3 | Estimate of the filling fraction from the area
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fraction as described in the text.
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Extended Data Figure 4 | Charge polarization within moiré cells of
TBLG at -1/4 filling. dI/dV curves and maps at +1/4 filling (a) and
-1/4 filling (b) (V}, = -200 mV, I =50 pA). The left panels show the dI/dV'
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curves-at +1/4, the center panels show the dI/dV maps at the LB energy,
and the right panels show the dI/dV maps at the UB energy.
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n-doped regime (V, = +55 V) corresponding to the fully filled flat band

Extended Data Figure 5 | Absence of broken symmetry in the full flat
(V, =200 mV, I = 15 pA).

band. STM topography (a) and dI/dV map (b) in same area measured
at the energy corresponding to the center of the flat band in the highly
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Extended Data Figure 6 | Absence of broken symmetry at non-magic (Vp=-150 mV, I = 50 pA). b, dI/dV map over the same area as panel (a) at
twist-angles. a, STM topography of tBLG away from magic angle the energy of left VHS (-29 mV) labled by the dashed line in the insert in
(6 = 1.5°) centered on the AA region (V, = -150 mV, I = 20 pA). The (a) (Vp=-150 mV, I =50 pA).

dashed circle labels the AA region. Insert: dI/dV spectrum in AA regime
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Extended Data Figure 7 | Relative orientation between the negative
charge lobes and the charge stripe direction. a, Charge order extracted
from large area showing stripe charge orientation along a crystallographic

axis of the moiré lattice (same as Fig.4c). b, The relative orientation
between the charge quadrupole lobes (green lines) and the charge stripes
(red lines), @ &~ 16 £2°, is roughly constant within this region.
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Extended Data Figure 8 | Different charge-order orientations. a, dI/dV text. The black arrow labels the direction of the electron lobe and the green
maps at the energy of LB (left panel) and UB (right panel) for the same arrow marks the direction of the global charge stripe which coincides with
sample as that discussed in the main text, but in a different region where a crystallographic axis of the moiré pattern. ¢, For comparison we show
the charge stripe is along a different direction. b, Charge modulation map Fig. 3¢ in that main text where the orientation labeled by the arrow has
obtained by subtracting the two intensity maps as discussed in the main changed.
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Extended Data Figure 9 | Charge modulation in another TBLG sample
near the magic angle. a, STM topography in a 10 nm X 10 nm area
centred on an the AA region (V;, = -100 mV, I = 40 pA). The red circle
labels the AA region. b, dI/dV map over the same area as panel (a) for the
LB (left panel) and UB (right panel) at V, = 0V (V;, = -100 mV, I = 40 pA).
¢, Map of net charge obtained by the method described in the main text.
Red corresponds to electron doping and blue to hole doping. The four
dashed lobes mark the sectors with alternating electron (e) and hole (h)
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doping. d, Spatial dependence of dI/dV curves along the coloured arrows
in a and ¢ shows the spectral weight shift between the LB and UB with
position. e, Position dependence of filling fraction from d along the path
indicated by the arrow in c. The filling fraction was obtained from the
relative area under the LB peak as discussed in the text. f, Large-scale
dI/dV map (40 nm) of net charge obtained by the method described

in the text and in Fig. 3c.
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Extended Data Figure 10 | Energy shift in the LB and UB peak positions  (dashed lines). So we extend the length to 6.8 nm shown in the right panel,
correlated with the C2 pattern. In the left panel (Fig. 3d), that the where an energy shift in both LB and UB can be seen.

distance, r ~5 nm, is too small to distinguish the energy shift in two bands
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